The SCHJs exhibited a balanced high-mobility ambipolar charge transport with both hole and electron mobility being more than one order magnitude higher than its thinfilm heterojunction (TFHJ) counterparts. The difference between single-crystalline and thin-film heterojunctions in charge transport mechanisms was revealed, and we showed that SCHJs present a more favorable band-like charge transport properties at room temperature. Organic photovoltaics fabricated on SCHJs present much higher current density and a 32-times higher PCE than thin-film heterojunction devices. The present work, which outlined comprehensive advantages of single-crystalline heterojunctions in charge transport properties, should accelerate the application of organic single crystals for high performance photovoltaics.
Introduction
Photovoltaic behavior of organic materials closely relates to the donor-acceptor contact mode. This is because it regulates the photocurrent generation process; which includes exciton diffusion, exciton dissociation, and charge transport. [1, 2] Initially, planar heterojunctions with laminated donor and acceptor layers were found to generate photocurrents with a power conversion efficiencies (PCE) of around 1%. [3] A major disadvantage of these planar structures is their disorder-limited short exciton diffusion lengths below 50 nm. [4] [5] [6] [7] [8] To circumvent this disadvantage, a bulk heterojunction (BHJ) architecture, in which the donor and acceptor materials form three-dimensional (3D) interpenetrating networks, was subsequently developed. BHJs better facilitates exciton dissociation, [9, 10] and hence, gave a substantial improvement in PCE to values exceeding 10%. [11] [12] [13] [14] [15] [16] [17] [18] [19] Despite the success of BHJs, it remains a challenge to realize a nanoscale interpenetrating network of the donor and acceptor, such that it is consistent with the exciton diffusion length, while maintaining the required continuous transport pathways for both electrons and holes through their respective phases. This stems to some extent from a lack of direct morphological tuning, and the thermodynamic instability, of the phase domains. [20] [21] [22] [23] Thus, the study of bulk single-crystals, by
avoiding grain boundary, morphological disorder, and interfacial effects, offers a direct method of elucidating intrinsic photovoltaic properties.
Indeed, single crystals of organic semiconductors have been shown to exhibit high performances, including promising charge carrier mobility and long exciton diffusion. [24] [25] [26] [27] [28] [29] In this regard, organic single crystals with ambipolar transport would be ideal candidates for high performance photovoltaic devices and for intrinsic photovoltaic studies. [30] A Single-crystalline heterojunction (SCHJ), in which single crystals of the donor and the acceptor are in contact with each other, might be expected to exhibit superior photovoltaic effects due to their highly ordered molecular packing.
However, due to difficulties in achieving such a highly ordered architecture, only few pioneering studies in single crystalline donor-acceptor system has been reported in the literature; and the intrinsic photovoltaic behavior in such system remains unclear. Hu et al. reported the first SCHJs based organic photovoltaics (OPVs) in which copper hexadecafluorophthalocyanine (acceptor) crystal nanowires were grown onto copper phthalocyanine (donor) crystal nanowires using physical vapor transport (PVT). [31] The resulting OPV device gave a relatively low PCE of 0.007%. Li et al. demonstrated a facile solution-grown method to fabricate consistent donor-top and acceptor-bottom single-crystalline structure through a mixed solution of C60 (acceptor) and 3,6-bis(5-(4-n-butylphenyl)thiophene-2-yl)-2,5-bis(2-ethylhexyl)pyrrolo [3,4-c] pyrrole-1,4-dione (donor). [32] These OPVs gave a PCE enhancement to 0.255%. Despite these significant progresses in SCHJs, the PCE of single-crystalline OPVs still remains relatively low when compared to OPVs based on thin-film heterojunctions (TFHJs) and most importantly, compared to TFHJs, the advantages of applying single-crystalline heterojunctions in photovoltaic devices have not been studied comprehensively.
Therefore, in order to further enhance the PCE, and in order to obtain a deeper understanding of the intrinsic photovoltaic behaviors of SCHJs, fundamental studies on SCHJs are highly desirable.
Herein, we report on a solution-processed organic single-crystalline p-n heterojunction composed of two commonly-used optoelectronic materials -N,N,N',N'- Figure S1 -S3 in the Supporting Information.
Molecular structures of TPB and [60] PCBM are shown in Figure 1a and b. TPB and its derivatives are widely-used p-type semiconductors in organic electronic devices, such as organic light-emitting devices (OLEDs), [33] OFETs, [34] organic photovoltaics [35] and hybrid perovskite solar cells. [36] [37] [38] [39] Meanwhile, [60] PCBM is the most frequentlyused acceptors for organic solar cells. [40] Accordingly, TPB and [60] PCBM were selected to grow single-crystalline donor-acceptor heterojunctions in this work.
Before preparing the heterojunctions, we firstly prepared single-component crystals of TPB and [60] PCBM separately. As shown in Figure 1c , TPB need-like single crystals were grown by using the antisolvent vapor diffusion method [41, 42] while [60] PCBM ribbon-like single crystals were obtained through liquid−liquid interfacial precipitation method [43] as indicated in Figure 1d . As shown in Figure 1e TPB single crystals in acetone were drop-casting onto the substrate firstly, followed by vacuum annealing to remove the remaining solvents. Then, [60] PCBM single crystals in methanol were drop-casting onto the same substrate followed by vacuum annealing.
An as-produced single-crystalline heterojunction is shown in Figure 1h ; where [60] PCBM ribbon crystals (brown) were on top of TPB needle crystals (light blue).
Morphology and Crystal Structures
After obtaining the single-component crystals and single-crystalline heterojunctions, the morphologies were characterized by scanning electron microscopy (SEM) and atomic force microscopy (AFM) as shown in Figure 2a and Figure [ 44] For the [60] PCBM ribbon crystals, the XRD pattern can be indexed with a solvent-free monoclinic crystal system with cell dimensions of a = 13.36 Å, b = 15.58 Å, c = 19.50
Å, which coincides well with a report in the literature. [45] The XRD pattern of crystal heterojunctions showed combined diffraction peaks of both TPB and [60] 
Ambipolar Charge Transport Properties
The single-crystalline nature of our p-n heterojunction indicates their high quality and potential use in studying their intrinsic behaviors in organic photovoltaics. Due to the minimized molecular disorder and defects, organic single crystals usually have a high charge mobility, which is especially needed in organic photovoltaic device to reduce the recombination of charge carriers. [46] [47] [48] [49] To study the ambipolar charge transport, we artificially designed an asymmetric organic field-effect transistors (OFETs) structure with a bottom-gate and top-contact configuration. achieved. This comparison clearly shows the much better charge transport properties of single-crystalline heterojunction, whereby both hole and electron mobility were more than one order magnitude higher than those of their thin-film heterojunction counterparts. In addition, the electron and hole mobility in thin-film heterojunction is considerably unbalanced with a two-order magnitude difference; while for our singlecrystalline heterojunction, the electron and hole mobility is much more balanced.
To compare the quality of interface between TPB and [60] PCBM in SCHJ and TFHJ, subthreshold swing (S.S.) and interface trap density (NSS), which represent the interface quality and the trap behavior in OFETs, were calculated according to the Equation (1) and Equation (2): [50] . . =
Where Ci is the capacitance per unit area; k is Boltzmann's constant, and T is the that SCHJ provides the devices with minimal interface defects and thus result in higher device performances. These excellent features of single-crystalline heterojunction are attributed reduced charge carrier recombination, which enhanced the performance of the organic photovoltaics. [46] [47] [48] 
Charge Transport Mechanisms
To compare the charge transport mechanisms in single-crystalline and thin-film pn heterojunctions, temperature-dependent ambipolar mobility were tested in a vacuum holder by cooling the samples from 300 to 80 K. The hole and electron mobility were measured every 10 K. Interestingly, as shown in the Figure 4e , the hole and electron mobility in the single-crystalline heterojunction exhibits an increase-at-first-and-thendecrease behavior on cooling the samples; whereas for thin-film heterojunction, both the electron and hole mobility decrease monotonically with decreasing temperature. For commonly observed in organic field effect transistors, [51] [52] [53] [54] reflecting the gate voltage filling up low-mobility trap states. [55] This implies that a thermally activated mechanism governs both the hole and electron transport in the single-crystalline heterojunctions at low temperature regions. In low temperature regions, most charge carriers are trapped in localized shallow traps formed by chemical impurities, sites of structural disorder, and surface states, and then charge transport occurs through extended states (transport level) when the carriers are thermally activated (released) from the traps. Fitting the data with Equation (3), [56] = 0 exp ( − ) (3) where Ea is the activation energy and kB is the Boltzmann constant, leads to activation energies of 19.6 meV for hole transport and 12.4 meV for electron transport, as shown in Figure 4f . The relevant lower activation energies of single-crystalline heterojunction here suggest a low degree of disorders presented in the single-crystalline heterojunctions and at the interface between the semiconductors and the substrates.
On the other hand, in the high-temperature region (270 -300 K for hole transport and 240 -300 K for electron transport), the mobility exhibits a negative mobility temperature coefficient (dμ/dT < 0). The hole (electron) mobility of single-crystalline heterojunctions increases monotonically upon cooling the samples from 300 to 270 K (300 to 240 K). The observation of the negative mobility temperature coefficients is a general signature of charge carrier delocalization over a few molecules, which is the band-like transport. [56, 57] In the high-temperature region, sufficient thermal energy is available such that the influence of trapping could be eliminated and the overall conduction was determined by the intrinsic transport through the extended transport level within the single crystals. Band-like temperature dependence is the signature of high-quality crystals and excellent electrical conduction. [51] However, for the thin-film heterojunction counterparts, both the electron and hole mobility decrease monotonically by cooling the samples at the whole temperature region, without any favorable band-like charge transport property, which led to a relatively higher activation energies of 106 meV for hole transport and 80 meV for electron transport (Figure 4f) .
The relatively high-mobility balanced ambipolar charge transport property, highly-efficient band-like charge transport at room temperature, together with the excellent electrical conduction, endows the single-crystalline donor-acceptor heterojunctions a promising replacement of thin-film heterojunctions with the potential ability to generate higher-density photocurrents.
Photovoltaic Properties
Unlike traditional photovoltaic systems, our devices fabricated in a planar configuration in which the segregated donor and acceptor layers within the singlecrystalline heterojunction, which functioned as charge transport channels, were parallel to the substrates. [31] As the active areas of single-crystalline p-n heterojunctions are quite smaller compared to their thin-film counterparts, we employed cooper grids to shadow mask the active areas when evaporating metal electrodes (Al). was achieved as shown in Figure 5c . Note that our devices have a planar 2D geometry, and the direction of current flow is perpendicular to the light, which is different from the traditional sandwich thin film OPV devices. Here, the contacting area between device and light was chosen for the calculation of photocurrent densities. In order to confirm the photocurrent was truly generated by the p-n heterojunctions, rather than the Schottky contacts [58] [59] [60] between single-component crystals and electrodes, individual TPB or [60] PCBM single crystal devices were fabricated by the same procedure mentioned before and tested under the same conditions. However, no photovoltaic effects were detected as shown in Figure S12 and S13. This suggested that the photocurrent generation was indeed attributable to a single-crystalline p-n junctions.
For comparison, devices with a bilayer heterojunction structure of TPB (~50 nm) and [60] PCBM (~50 nm) were also fabricated. Photovoltaic measurements were tested under the same conditions mentioned above. However, very weak photovoltaic effect with a quite low maximum PCE of only 0.00835% was observed as shown in Figure   5c . In this condition, a total of 32 devices were tested with the PCE values shown in Figure 5g . The evergy PCE is only (0.00580±0.00117) %, 32 times lower than that of the single-crystalline heterojunction system. It is worth noting that the JSC of singlecrystalline devices is much higher than thin-film devices, which further confirms that the single-crystalline donor-acceptor heterojunctions generate a much higher-density photocurrent. These results clearly demonstrate that the highly ordered singlecrystalline p-n heterojunction can substantially improve the photovoltaic properties, indicating that this system has great potential in the photovoltaic field.
Further improvement may be achieved by increasing the light absorption and modifying the electrodes to achieve better electronic contact. In particular, the very weak light absorption of the present donor TPB hinders the high-efficient exciton generation and diffusion and thus reduce the device performance. Single crystals of high-absorption donors or inserted absorber materials (such as perovskite absorbers) are desired.
Conclusions
In conclusion, solution-processed organic single-crystalline p-n heterojunctions composed of TPB and [60] PCBM were successfully achieved and fundamental studies of its charge transport properties were demonstrated. The SCHJs exhibited a balanced high-mobility ambipolar charge transport with both hole and electron mobility being more than one order magnitude higher than its thin-film heterojunction counterparts.
We revealed the difference between single-crystalline and thin-film heterojunctions in charge transport mechanisms and showed that SCHJs present a more favorable bandlike charge transport properties at room temperature. Organic photovoltaics fabricated on SCHJs present much higher current density and a 32-times higher PCE than current 
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